Introduction
============

5-Fluorouracil (5-FU) is the most frequently prescribed anticancer drug for clinical treatment of various types of cancer, including colorectal cancer ([@B01],[@B02]). 5-FU may lead to intestinal mucositis, villus atrophy, and crypt necrosis as a result of mucosal tissue damage due to inflammatory cell infiltration, proinflammatory cytokine release and edema ([@B03]). A rapid increase in epithelial cell apoptosis and arrest of cell division within the intestinal crypts can lead to a breakdown of the intestinal epithelial barrier and continuous luminal bacterial translocation ([@B04],[@B05]). 5-FU-induced intestinal mucositis is clinically relevant because it may disrupt the intestinal absorptive surface, causing nutrient malabsorption and a poor health condition that may lead to therapy failure if associated with diarrhea and vomiting ([@B06]). Such side effects may be aggravated by the presence of other simultaneous inflammatory bowel diseases ([@B07]).

Glutamine is considered to be a critical gut-trophic nutrient that has been shown to protect against intestinal injury in experimental models ([@B08],[@B09]) and to be beneficial in clinical studies enrolling children with malnutrition and diarrhea in the developing world ([@B09],[@B10]). Glutamine has been also implicated in the regulation of the innate immune system ([@B11]), the inflammatory process ([@B12]) and intestinal epithelial viability following *Clostridium difficile* toxin A ([@B13]) and 5-FU-challenge ([@B14]).

Recently, our group has documented anti-inflammatory and healing activities of the apolipoprotein E COG 133 mimetic peptide in a model of 5-FU-induced intestinal mucositis *in vivo* and *in vitro*. This suggests that apolipoprotein E (apoE), a cholesterol-carrier protein, is involved in the inflammatory process and intestinal epithelial restitution following 5-FU-induced tissue damage ([@B15]). In addition, we have demonstrated that APOE4 target replacement mice were protected against *Cryptosporidium parvum* infection by balancing the inflammatory responses ([@B16]). The APOE4 gene was also found to benefit the cognitive development of children with heavy diarrhea burdens ([@B17]) and may influence pro-cognition effects of gut-trophic nutrients in children at risk of diarrhea and malnutrition ([@B18]).

Alanyl-glutamine (Ala-Gln) is a glutamine dipeptide, but is more soluble and stable than glutamine. In order to assess whether apoE deficiency jeopardized the healing effects of Ala-Gln treatment during tissue recovery after 5-FU-induced intestinal mucositis, we treated 5-FU-challenged APOE knockout (APOE^-/-^) and wild-type (APOE^+/+^) mice with Ala-Gln (100 mM) and monitored parameters of intestinal surface recovery and crypt cell integrity and renewal.

Material and Methods
====================

5-Fluorouracil
--------------

5-Fluorouracil (Eurofarma^¯^, Brazil) was obtained from the Laboratório de Farmacologia da Inflamação e do Câncer (LAFICA), Universidade Federal do Ceará (UFC) and used to induce intestinal mucositis. Alanyl-glutamine (Ala-Gln) was obtained from Rexim (Courbevoie, France). A 100 mM stock solution was prepared in phosphate buffered saline (PBS) consisting of 0.9% NaCl, 10 mM Na~2~HPO~4~, 10 mM NaH~2~PO~4~, pH 7.4.

Animals
-------

C57BL6J wild-type and APOE-knockout (APOE^-/-^) male and female mice were obtained from the Universidade de São Paulo transgenic vivarium and housed in the Instituto de Biomedicina at the Universidade Federal do Ceará (UFC). When obtained, experimental mice weighed 20-25 g. All experimental protocols were in compliance with the Brazilian College for Animal Experimentation (COBEA) and the Animal Care and Use Committee Guidelines of the UFC. Experimental mice were kept in polyethylene boxes with free access to animal chow and water until sacrificed, and maintained on a 12-h light-dark cycle. The mice were randomly allocated to 6 treatment groups: 5-FU: (n=15 for APOE^+/+^ and n=14 for APOE^-/-^ mice), Ala-Gln (n=16 for APOE^+/+^ and n=13 for APOE^-/-^ mice), or PBS (n=15 for APOE^+/+^ and n=13 for APOE^-/-^ mice).

Mucositis induction, Ala-Gln treatment and tissue collection
------------------------------------------------------------

For the induction of intestinal mucositis, a single intraperitoneal (*ip*) dose of 5-FU (450 mg/kg) was administered to both wild-type and APOE^-/-^ mice on the 1st day of the experiment; control animals received PBS. Experimental mice received either 100 mM of Ala-Gln (0.5 mL/animal) or PBS control solution given by oral gavage 3 days prior to 5-FU administration and for 5 days afterwards. Animals were weighed daily and were euthanized on day 6 with an overdose of ketamine/xylazine solution. After sacrifice, 1-cm-long ileal segments were harvested, immediately frozen in liquid nitrogen and stored in a -80°C freezer until use. Additional 1-cm ileal segments were fixed in formaldehyde and stored for further histology processing.

Blood leukocyte counts
----------------------

In order to evaluate 5-FU cytotoxicity, blood leukocyte counts were carried out in Neubauer chambers. Mice were lightly anesthetized with ether, and peripheral blood was drawn up in a capillary tube inserted into the orbital plexus. The blood was mixed with a 3% acetic acid solution (Turk\'s solution) at a 1:20 ratio for loading into the chambers; leukocyte counts were recorded as cells/mm^3^.

Analyses of intestinal surface recovery
---------------------------------------

### Intestinal morphometric analysis

Morphometric analysis was carried out in low magnification photomicrographs of hematoxylin and eosin (H&E)-stained tissue using the Image J software 1.4 (National Institutes of Health, USA) after proper calibration. Villus height was measured in at least 10 villus longitudinal sections (4 animals per group). Intestinal crypts were severely affected by 5-FU treatment in our regimen protocol; therefore crypt length measurements were not considered.

### Villin protein expression by immunoblotting

Western blots of ileal villin were used to evaluate the brush border of the intestinal absorptive surface. In brief, intestinal segments were harvested and immediately frozen in liquid nitrogen. Thawed specimens were pulverized in glass homogenizers containing lysis buffer and then transferred to test tubes with protease inhibitor and centrifuged at 17,530 *g* for 10 min. Supernatants were assayed using the bicinchoninic acid method (BCA Protein Assay Kit; Pierce, USA) to standardize 50 μg of protein product in each well. Samples were loaded onto 10% denaturing polyacryamide gels (Amersham Biosciences, UK). The gels were then transferred onto nitrocellulose membranes. Membranes were blocked overnight (5% fat-free milk solution), incubated with rabbit villin (1:500) or β-actin (1:1000) antibody for 1 h, rinsed 3 times in rinsing buffer, incubated in a biotinylated secondary antibody (horseradish peroxidase, 1:1000), and then rinsed as described above. Each membrane was washed with coumaric acid, luminol, Tris, and H~2~O~2~ and exposed to Kodak X-Omat AR film (Kodak, USA). Western blot bands were identified and the densitometry analyzed by Image J (Media Cybernetics, USA), and are reported as villin/β-actin ratio.

Crypt integrity and function
----------------------------

### Mitotic and apoptotic indexes

To evaluate the role of Ala-Gln in healing of the injured small intestinal mucosa, we determined the mitotic index by counting well-defined mitotic figures in the crypt bases. An investigator who was blinded to the study treatment did the counts. The number of mitotic figures per crypt were scored in 20 H&E stained longitudinal crypt sections from each mouse intestine (n=4 mice per group). The crypts were selected by identifying the proliferative glands. The absolute values were averaged to produce the mitotic index of each group. The apoptotic index was investigated by blindly counting the apoptotic bodies per crypt in at least 20 H&E stained longitudinal crypt sections from each mouse intestine (n=4 mice per group). Measurements were made by light microscopy (Olympus CX3, Japan) using an immersion objective (1000×) and image acquisition (Q-Color 3, Olympus). Crypt mitotic figures included classical mitosis phases or cytokinesis; apoptotic figures were identified as eosinophilic bodies with a fragmented nucleus and were generally found near or inside the intestinal gland lumen, as described elsewhere ([@B05]).

### Crypt necrotic scores

Crypt necrotic scores were determined by light microscopy (Olympus CX31) in H&E-stained slides at both low and high magnification by an experienced histologist who was blinded to the experimental treatments. [Table 1](#t01){ref-type="table"} lists the criteria used for evaluation and scoring of intestinal crypts. A lower score indicates normal crypt architecture with secretory cells having conspicuous cytoplasmic granules.

IGF-1 and BCL-2 quantitative real-time PCR (qPCR)
-------------------------------------------------

Samples were taken immediately from necropsied animals and frozen in liquid nitrogen. After freezing, the samples were stored at -80°C until analysis. Samples were thawed and total RNA was extracted using Qiagen RNeasy mini kit (QIAGEN Biotecnologia Brasil Ltda, Brazil) according to the manufacturer\'s instructions. RNA concentration was quantified and checked spectrophotometrically (Biophotometer; Eppendorf, Germany) for purity by UV absorbance at 260 nm and 280 nm (A260:280 ratio). Synthesis of cDNA by reverse transcriptase PCR was performed using the SuperScript III First-Strand Synthesis System SuperMix (Invitrogen, Life Technologies, Brazil) with the use of oligo (dT) as primers. cDNA was used in qPCR for measuring IGF-1 and BCL-2 expression compared with *actin* expression (used as the housekeeping gene). The primers for murine IGF-1 and BCL-2 were purchased from Invitrogen and their nucleotide sequences are shown in [Table 2](#t02){ref-type="table"}. Amplification consisted of 10 min at 95°C, followed by 40 cycles of 25 s at 95°C, 25 s at the respective annealing temperature for each pair of primers (60°C), and 20 s at 72°C, followed by 40 cycles of 10 s starting at 75°C, with 0.5°C increments for the melt curve. Fluorescence was measured during the annealing step of each cycle. The relative gene expression was determined using the 2^−ΔΔCt^ method.

Statistical analysis
--------------------

Results are reported as means±SEM, except for [Table 3](#t03){ref-type="table"} where data are reported as means±SD. ANOVA followed by the Bonferroni correction was applied to compare multiple groups. The unpaired Student\'s *t*-test was used for two-group comparisons. The nonparametric Mann-Whitney test was used to determine the significance of differences in crypt necrosis scores. P\<0.05 indicated statistically significant differences.

Results
=======

Weight curves
-------------

Following the 5-FU challenge (a single 450 mg/kg *ip* dose), body weight significantly decreased in all experimental groups and both mouse strains, as early as 3 days post-injection (P\<0.05). Ala-Gln treatment (100 mM) did not restore weight to the level of the unchallenged control group. APOE^-/-^ mice were slightly less affected than the wild-type controls following the 5-FU challenge ([Figure 1](#f01){ref-type="fig"}).

![Weight curves of wild-type (APOE^+/+^) (*A*) and APOE knockout (APOE^-/-^) mice (*B*) following 5-fluorouracil (5-FU)-induced mucositis and of unchallenged controls receiving phosphate buffered saline (PBS). Data are reported as means±SEM. \*P\<0.001 *vs* other groups (one-way ANOVA, followed by the Bonferroni multiple test).](1414-431X-bjmbr-48-06-00493-gf01){#f01}

Blood leukocyte counts
----------------------

A significant leukopenia (reduction in the number of leukocytes/mm^3^) was seen by 5 days following the 5-FU injection, regardless of the mouse genetic background (P\<0.001), when compared with unchallenged wild-type controls. This finding confirms the cytotoxic effect of 5-FU. This leukopenic effect was not altered nor prevented by Ala-Gln administration (P\>0.05; [Figure 2](#f02){ref-type="fig"}).

![Leukometry results. Mice were anesthetized and blood samples were collected 5 days after 5-fluorouracil (5-FU) challenge. The total number of white cells was determined after dilution in Turk\'s solution using a Neubauer chamber. Data are reported as means±SEM of the number of leukocytes per mL of sample (n=7 animals/group). ^a^P\<0.001 *vs* unchallenged wild-type (APOE^+/+^) mice. ^b^P\<0.001 *vs* unchallenged APOE knockout (APOE^-/-^) mice (one-way ANOVA, followed by the Bonferroni multiple test).](1414-431X-bjmbr-48-06-00493-gf02){#f02}

Analysis of the intestinal surface recovery
-------------------------------------------

The 5-FU challenge (450 mg/kg) caused a significant reduction in villus height (P\<0.001) in both APOE^+/+^ and APOE^-/-^ animals compared with their respective PBS controls. Treatment with Ala-Gln (100 mM) enhanced villus height (P\<0.01), regardless of apoE deficiency, by 5 days after the 5-FU challenge. However, the villus histology in Ala-Gln-treated mice still included few goblet cells and did not yet resemble that of the unchallenged controls ([Figure 3](#f03){ref-type="fig"} and [Table 3](#t03){ref-type="table"}). The crypts of both wild-type (P\<0.001) and APOE^-/-^ (P\<0.01) mice given the 5-FU challenge were significantly longer than those of PBS controls, a finding that was partially reversed (P\<0.001) or improved (P\<0.0001) by Ala-Gln administration ([Figure 3](#f03){ref-type="fig"}). As expected, 5-FU induced a significant reduction (P\<0.0001) in the morphometric villus/crypt ratio compared with the PBS controls, a finding that was partially reversed (P\<0.0001) by Ala-Gln treatment, regardless of the mouse strain ([Table 3](#t03){ref-type="table"}). No between-group differences were found in total ileal villin expression 5 days after 5-FU challenge (data not shown), suggesting that microvilli recovery precedes return of villus height.

![Representative histology of H&E-stained ileal tissue (100×) from experimental mice with 5-fluorouracil-induced intestinal mucositis (5-FU, 450 mg/kg, *ip*, single dose), and mice treated with alanyl-glutamine (Ala-Gln, 100 mM) or phosphate buffered saline (PBS) via gavage on day 6 post-challenge.](1414-431X-bjmbr-48-06-00493-gf03){#f03}

Mitotic and apoptotic indexes
-----------------------------

Albeit we found enhanced mitotic crypt index 6 days-following 5-FU-injection, this effect was not significantly different compared to the unchallenged controls both in the wild-type and APOE^(-/-)^ mice. Ala-Gln was not able to improve crypt mitotic index compared with the untreated challenged mice in both mouse strains. However, Ala-Gln improved crypt mitotic index only when compared with the unchallenged control (p \<0.01). 5-FU challenge remarkably increased crypt apopotic index regardless of the mouse genetic background (P \<0.05). Ala-Gln was unable to reduce the crypt apoptotic index following 5-FU challenge ([Figure 4](#f04){ref-type="fig"}).

![Mean mitotic (*A*) and apoptotic (*B*) indexes of H&E-stained ileal crypts from C57BL6J ApoE-knockout (APOE^-/-^) and wild-type (APOE^+/+^) mice following 5-fluorouracil (5-FU)-induced intestinal mucositis (450 mg/kg, *ip*, single dose) and treated with the alanyl-glutamine (Ala-Gln, 100 mM) or phosphate buffered saline (PBS, control) via gavage. At least 10 crypts per animal were analyzed (n=4 animals/group) on the 6th day post-challenge. Data are reported as means±SEM. ^a^P\<0.001 *vs* unchallenged APOE^+/+^ mice; ^b^P\<0.05 *vs* unchallenged APOE^-/-^ mice (one-way ANOVA and the Bonferroni test).](1414-431X-bjmbr-48-06-00493-gf04){#f04}

Necrotic crypt scores
---------------------

As expected, unchallenged PBS mice met the zero degree score criteria established for necrotic crypts (see [Tables 1](#t01){ref-type="table"} and [4](#t04){ref-type="table"}). After being challenged by 5-FU (450 mg/kg), both the wild-type and APOE^-/-^ mice had a significant increase in ileal necrotic crypt scores (P\<0.028) when compared with PBS controls. No differences in crypt necrotic scores were observed between mouse strains after 5-FU challenge. Ala-Gln treatment significantly reduced the necrotic crypt scores only in wild-type mice (P\<0.04) ([Table 4](#t04){ref-type="table"}).

IGF-1 and BCL-2 quantitative real-time PCR (qPCR)
-------------------------------------------------

No statistical differences were found in the ileal IGF-1 and Bcl-2 mRNA transcripts 5 days after 5-FU injection in APOE^+/+^ mice compared with the unchallenged controls. Ala-Gln treatment raised ileal Bcl-2 transcripts following 5-FU challenge in the APOE^-/-^ mice. Noteworthy, 5-FU caused a significant reduction in the ileal IGF-1 mRNA transcripts at 5 days post-challenge only in the APOE^-/-^ mouse strain (P\<0.05), an effect that was improved by Ala-Gln (100 mM) treatment (see [Figure 5](#f05){ref-type="fig"}).

![Quantitative real-time PCR for B-cell lymphoma 2 (Bcl-2) and insulin-like growth factor-1 (IGF-1) mRNA transcripts from C57BL6J ApoE-knockout (APOE^-/-^) and wild-type (APOE^+/+^) mice challenged by 5-fluorouracil (5-FU)-induced intestinal mucositis (450 mg/kg, *ip*, single dose) on the day 6 post-challenge and treated with alanyl-glutamine (Ala-Gln, 100 mM) or phosphate buffered saline (PBS, control) via gavage. Data are reported as means±SEM. ^a^P\<0.05 *vs* 5-FU-challenged group. ^b^P\<0.05 *vs* unchallenged control (one-way ANOVA and the Bonferroni test).](1414-431X-bjmbr-48-06-00493-gf05){#f05}

Discussion
==========

Recently, we documented a protective effect of the apoE mimetic peptide COG133 in 5-FU-induced intestinal mucositis, with reduction in the inflammatory cytokine response and improvements in intestinal villus height. We have also confirmed a healing effect of the apoE COG133 in the rat jejunal IEC-6 wound model after 5-FU exposure ([@B15]). Ala-Gln is a glutamine compound with increased solubility and stability. It is known to be a key gut-tropic nutrient ([@B19]), and has been found to improve healing in the IEC-6 model ([@B14]). In this study, we addressed whether Ala-Gln requires apoE for improving intestinal mucosal recovery following 5-FU-induced tissue damage. To test this hypothesis, we used APOE^-/-^ and wild-type (APOE^+/+^) mice with or without 5-FU challenge.

5-FU induces weight loss in mice mainly due to intestinal mucositis and systemic changes, affecting crypt cell turnover, and ultimately leading to reduced villus absorptive surface area ([@B20]). 5-FU-challenged mice develop dehydration, anorexia and exhibit a 20% weight loss 6 days after 5-FU injection, in addition to profound leukopenia ([@B04]). It is recognized that myelotoxicity is one of the major side effects in patients receiving 5-FU treatment ([@B21]). Leukopenia and neutropenia are significantly correlated with the pharmacokinetic parameters of 5-FU metabolism, with increase in 5-FU exposure leading to greater toxicity. Moreover, leukopenia and neutropenia are inversely correlated with peripheral blood mononuclear cell telomere length ([@B22]). As shown previously by our earlier study, Ala-Gln treatment could not promote weight gain in 5-FU challenged mice ([@B05]). In this study, C57BL6J APOE^+/+^ and APOE^-/-^ mice showed significant weight loss compared with PBS controls by day 3 after 5-FU challenge. Likewise, we could not find a benefit of Ala-Gln treatment in improving weight gain following 5-FU challenge, independent of the genetic background of the tested mice. In support of our findings, one small clinical trial using intravenous alanyl-glutamine infusion in patients with neck and head cancer undergoing chemoradiotherapy (radiotherapy daily up to 70 Gy, plus cisplatin/5-fluoruracil once a week) found improvement of oral mucositis after Ala-Gln treatment, but without change in weight ([@B23]).

Soares et al. ([@B20]) challenged Wistar rats with the same 450 mg/kg 5-FU dose used in this study, and reported prolonged weight decrements up to 15 days after 5-FU challenge, compared with unchallenged controls. Therefore, improvements in intestinal mucositis precede weight catch-up; however it seems that even with improved villus height in Ala-Gln-treated mice by the sixth post-challenge day, nutrient absorption may still have been too low to support weight recovery. Although villi were taller at that time, villus histology did not yet resemble that of the controls. Goblet cells (in the villus and crypts) and Paneth cells (in the crypts) were still scarce at 6 days post-challenge in the 5-FU-treated mice regardless of the presence of the APOE gene.

In a study by Carneiro-Filho et al. ([@B19]), treatment with Ala-Gln (100 mM), but not with Gln (100 mM), ameliorated intestinal morphometry (Ala-Gln improved villous area) and increased the crypt mitotic index following 5-FU challenge. Our findings did not include an increase in crypt mitotic index following Ala-Gln treatment. This discrepancy may be due to the difference in the mouse strain used. Also, the higher 5-FU dose used in our study (450 mg/kg *ip*, single dose) may have lowered the crypt mitotic rate for a longer time.

The crypt hyperplasia present on day 6 after 5-FU challenge represents a compensatory phenomenon to renew the intestinal epithelium and restore the absorptive surface compromised by chemotherapy. Ala-Gln treatment improved villus height and villus/crypt ratio in both APOE^+/+^ and APOE^-/-^ mice, suggesting that the Ala-Gln mucosal healing effect occurs regardless of apoE deficiency.

Villin is a structural component of microvilli forming the brush border of the small intestine and plays a key role in maintaining brush border organization by binding to F-actin in a network of filaments ([@B24]). The brush border acts to increase the absorptive surface of the enterocytes. Although villus blunting was seen in 5-FU-challenged mice, the villin/actin ratio was not significantly different between groups, suggesting sufficient protein recovery 5 days after the administration of 5-FU. Protein recovery precedes the recovery of the villus height.

Circulating factors, such as IGF-1, have been implicated in the control of intestinal epithelial proliferation ([@B25],[@B26]) through interactions with gut trophic nutrients, multiple hormones, and growth factors ([@B27]). Furthermore, oral IGF-1 treatment has been shown to improve Gln transport in piglet enterocytes ([@B28]). APOE^-/-^ (but not wild-type) mice challenged by 5-FU (450 mg/kg) had reduced IGF-1 mRNA transcription, suggesting that apoE could influence intestinal IGF-1 levels. This effect was reversed by Ala-Gln treatment. At this stage, this result remains unexplained. An earlier study from our group documented impaired intestinal IGF-1 expression following refeeding in APOE^-/-^ subjected to maternal-offspring separation ([@B29]).

One explanation for the apoE effects on IGF-1 levels may be related to a potential apoE protective effect on the liver. ApoE may redirect lipopolysaccharide (LPS) (from the leaky gut) from Kupffer cells to liver parenchymal cells, improving LPS clearance from circulation via bile ([@B30]), which may improve liver and intestinal IGF-1 levels. That hypothesis should be further explored in future studies using the 5-FU induced-intestinal mucositis model. Another interesting approach would be to assess whether the intestinal microbiome is changed by Ala-Gln and how much that is affected by apoE deficiency. Probiotics have been used recently to improve 5-FU intestinal mucositis ([@B31]) and Gln has been shown to activate the innate immune system through the intestinal microbiome ([@B11]).

Cool et al. ([@B32]) investigated a 7-day infusion (4.3 mg/kg daily) of IGF-I to Sprague-Dawley rats challenged by 5-FU (150 mg/kg, *ip*). They reported that 5-FU reduced the villus height in the duodenum by 23%, in the jejunum by 20%, and in the ileum by 30% at 48-h post-challenge, with an 87-times increase in the crypt apoptotic rate. These effects were substantially less pronounced in IGF-I pretreated rats.

An increase in the apoptotic rate in the crypts (which was not improved by the administration of Gln or Ala-Gln) has been found on day 1, and to a lesser extent on day 6, after 5-FU injection, compared with a PBS control ([@B05]). In addition, Yasuda et al. ([@B33]) have documented that the number of apoptotic, caspase-3- and caspase-8-activated cells increased 24 h after the first 5-FU administration.

In agreement with those results, we found a significant increase in the apoptotic crypt index at day 6 post-challenge in both APOE^-/-^ and wild-type mice, an effect that was not reversed by Ala-Gln treatment. To evaluate this effect at the molecular level, we assessed the antiapoptotic Bcl-2 mRNA transcripts by q PCR. Ala-Gln enhanced the Bcl-2 transcription activity compared with the control only in APOE^-/-^ mice challenged by 5-FU. It is noteworthy that Gln deprivation can lead to increased intestinal apoptosis with involvement of specific caspases ([@B34]-[@B36]).

In summary, our overall findings suggest an apoE-independent Ala-Gln effect on intestinal mucosa improvement following 5-FU challenge because this nutrient improved the 5-FU intestinal tissue damage in ApoE-genetically depleted mice. The potential synergistic effect of ApoE and Ala-Gln supplementation warrants further studies.
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